We have modeled the limb-brightened cavity seen in the new Spitzer Space Telescope IR images of the southwest lobe of HH 46/47 as the bow shock driven by an outflow from a young, low-mass star. We present models in which the outflow is a perfectly collimated, straight jet, models in which the jet precesses, and finally a model in which the outflow takes the form of a latitude-dependent wind. We study cases in which the outflow moves into a constant-density cloud and into a stratified cloud. We find that the best agreement with the observed cavity is obtained for the precessing jet in a stratified cloud. However, the straight jet (traveling in a stratified cloud) also gives cavity shapes close to the observed one. The latitude-dependent wind model that we have computed gives cavity shapes that are substantially wider than the observed cavity. We therefore conclude that the cavity seen in the Spitzer observations of the southwest lobe of the HH 46/47 outflow do not seem to imply the presence of a latitude-dependent wind, as it can be modeled successfully with a perfectly collimated jet model.
INTRODUCTION
There are a few molecular outflows from young stars that show limb-brightened ''cavities.'' Objects like L1157 (e.g., Beltrán et al. 2004) show cavities with little or no central emission, while objects like the Orion B molecular jet show cavity-like structures at low radial velocities, which are axially filled at higher radial velocities ( Richer et al. 1992) . In particular, Lee et al. (2002) have described several objects showing limb-brightened CO emission.
Some Herbig-Haro ( HH ) jets also show limb-brightened, cavity-like structures that open out from the position of the outflow source. The most striking example to date is probably the L1551 IRS 5 outflow (which contains the HH 454 jet and HH 29). This object shows a large-scale ''broken cavity'' (with an extent of $10 0 ; see Rodríguez et al. 1989 ) and also a much smaller, limb-brightened structure close to the outflow source ( HH 464; see, e.g., Stocke et al. 1988; Mundt et al. 1991) , both seen in H and in other emission lines. However, it is unclear whether or not the compact, limb-brightened structure is actually a cavity, because both high-resolution optical images ( Fridlund & Liseau 1998) and radio continuum interferometric observations ( Rodríguez et al. 2003) of the region close to the source indicate that one might actually be seeing a system of two jets (rather than a limb-brightened cavity).
A discussion of (approximately) conical reflection cavities centered on the sources of several HH jets is presented by Reipurth et al. (2000) . One of the more remarkable examples of such a ''reflection cavity'' is that of the northeast lobe of HH 46/47, which has a highly asymmetric structure.
Some HH jets show cavity-like structures that consist of long extensions of the wings of bow shocks. Possibly the first structure of this kind was detected (and identified as such) in HH 34 by Reipurth et al. (1986) . One of the more remarkable of such ''extended bow shock wing'' structures is that observed in H 2 2.12 m images of the HH 46/47 outflow.
The southwest lobe of this flow is embedded within a Bok globule, only to become visible optically $2 0 from the source as the faint and compact knot HH 47C (although a central, ''knotty jet'' structure is seen close to the source at IR wavelengths; see Reipurth & Heathcote 1991) . The H 2 2.12 m map of shows a series of elongated condensations that appear to trace the extended bow shock wings all the way from knot 47C to $30 00 from the source. In a new Spitzer IR image of HH 46/47 (see Fig. 1 ; Noriega-Crespo et al. 2004 ) the cavity in the southwest lobe is seen in its full glory, and extended bow shock wings are also visible in the northeast lobe (trailing behind the condensation HH 47A). The Spitzer image was obtained by co-adding the four Infrared Array Camera ( IRAC) channels at 3.6, 4.5, 5.8, and 8 m, which include in their passbands some of the brightest pure rotational H 2 lines as well as polycyclic aromatic hydrocarbon broad emission features at 6.2 and 6.7 m.
Figure 1 ( Plate 1) is a three-color image of the HH 46/47 outflow that shows a combination of the [S ii] 6716+30 (optical) emission with the IRAC 3.6 and 4.5 m maps. For the first time, the Spitzer observations show an HH jet bow shock ( HH 47C, which is clearly seen in [S ii]) with wings extending toward the source and joining the walls of a conical cavity with its apex at the outflow source. Even though bow-shock wings extending all the way to the source are a general feature of numerical models of HH jets (see, e.g., Downes & Cabrit 2003; Rosen & Smith 2004) , the Spitzer HH 46/47 map is the first observation of an optically detected HH jet in which such a clear structure of this kind is actually seen at IR wavelengths (although such cavities have previously been observed at radio wavelengths in objects such as the L1157 molecular outflow and the HH 211 molecular jet, see, e.g., Gueth et al. 1998 Gueth et al. , 1999 .
This new result motivates the following questions regarding the production of a bow-shock structure with the shape of the cavity of the southwest lobe of HH 46/47: Can one obtain this with a ''standard'' (perfectly collimated, nonprecessing) jet model?
Is it necessary to introduce a precession in the ejection? Is the observed shape evidence for the presence of a less well-collimated, latitude-dependent wind?
Is it necessary to consider a stratification for the surrounding environment?
We illustrate these issues by presenting six gasdynamic models, in which we consider a straight jet, a precessing jet, and a latitude-dependent wind traveling into two environmental configurations. In the first one, we assume that the source is placed within a constant-density cloud and that the outflow eventually emerges into a lower density (and homogeneous) surrounding environment. In the second configuration, we assume that the cloud itself is stratified.
We first discuss the parameters appropriate for the HH 46/47 outflow (x 2). We then present the shape of the bow-shock cavities for the six resulting outflow/environment configurations described above (x 3). Finally, we discuss the successes and failures of our models (x 4).
HH 46/47 AND ITS ENVIRONMENT
HH 46/47 is in the Gum Nebula, at a distance of approximately 350 pc from the Sun (see Schwartz 1977) . From proper motion and radial velocity measurements (see, e.g., Meaburn & Dyson 1987; Raymond et al. 1994; , one obtains an orientation angle of %35 between the outflow axis and the plane of the sky.
With this orientation angle, one obtains deprojected distances of %5 ; 10 17 cm from the source to knot 47A and of %7:5 ; 10 17 cm out to knot 47D along the northeast lobe. The single, optically detected knot along the southwest lobe ( knot 47C) lies %7:5 ; 10 17 cm from the source. The full spatial velocities of both lobes of the HH 46/47 outflow have values of $250 km s À1 (although both the radial velocities and proper motions vary considerably with position; see Raymond et al. 1994; .
In optical images of the outflow, one sees that HH 47C is just emerging beyond the edge of the dark cloud (which hides the outflow source). However, as the southwest lobe is redshifted, it is unclear whether knot 47C actually is physically close to the point at which the jet emerges from the cloud or whether this point lies closer to the source ( but is hidden from view by the dark cloud).
In order to model the southwest lobe of HH 46/47, we assume that the outflow source is placed within a dense cloud and that there is an interface between the cloud and a more diffuse medium at a distance of 10 18 cm from the source. For the diffuse medium, we assume that it has a density n dif ¼ 10 cm À3 and a temperature T dif ¼ 1300 K. For the dense cloud, we have considered two cases:
1. Constant-density cloud.-The cloud has a constant temperature T c ¼ 13 K and number density n c ¼ 1000 cm À3 . 2. Stratified cloud.-The cloud has a constant temperature T c ¼ 13 K and a stratified density given by
where r is the spherical radius (measured from the position of the source) and n 0 ¼ 10 4 cm À3 and r 0 ¼ 3:3 ; 10 17 cm are constants. This stratification has a flat density profile close to the source, tends to the singular isothermal sphere solution at large radii (for the appropriate T c ¼ 13 K temperature), and satisfies pressure balance at the interface (at r c ¼ 10 18 cm; see above) with the diffuse external medium. In addition, this stratification has a mass of $10 M within the radius r c .
For the jet, we have considered an outflow with a (constant) ejection velocity v j ¼ 250 km s À1 and mass-loss rateṀ j ¼ 10 À6 M yr À1 (these parameters being consistent with those determined for this object by Hartigan et al. 1994) . We have then considered the three following possibilities:
M1: straight jet.-An initially perfectly collimated jet ejected in a time-independent direction, with an initial radius r j ¼ 2 ; 10 16 cm (which for the mass-loss rate given above implies an initial density n j ¼ 940 cm À3 ) and temperature T j ¼ 1000 K.
M2: precessing jet.-The same as above, but with an ejection direction that precesses in a cone of half-opening angle ¼ 5 with a period ¼ 300 yr. M3: latitude-dependent wind.-A spherical wind with a constant ejection velocity but with a latitude-dependent density of the form
at the spherical radius r w ¼ 10 17 cm at which we inject the wind. In this equation, is the angle measured from the symmetry axis. We have fixed 0 ¼ 2 and determined n 0 ¼ 4700 cm À3 in order to have the mass-loss rate of 10 À6 M yr À1 given above in one hemisphere of the wind. This latitude-dependent wind configuration is an approximation to the asymptotic solution found by Shu et al. (1995) and Li & Shu (1996) for their ''X-wind'' magnetocentrifugal wind model. The parameterized latitude-dependent density (eq. [2]) has a pole-to-equator density ratio that depends on the angle 0 . For our particular choice of 0 ( = 2 , see above), we obtain a density ratio of $800.
We have therefore computed two versions of models M1, M2, and M3, with the constant-density cloud and stratified cloud environments, respectively. Models M1 and M3 were computed with the radiative, two-dimensional (axisymmetric) version of the YGUAZÚ -A code, and model M3 with the three-dimensional version. The code is described in detail by Raga et al. (2000) , and the nonequilibrium ionization/cooling network that was used is described by Raga et al. (2002) . The gravity force necessary to preserve the stratification of the cloud has been included in the appropriate simulations. In all of the simulations, both the environment and the injected jet material are neutral (except for C and S, which are assumed to be singly ionized). Models M1 and M3 were computed on a five-level, binary adaptive grid with a maximum resolution of 3:9 ; 10 15 cm (along the three axes), and model M2 on a fourlevel grid with a maximum resolution of 7:8 ; 10 15 cm. The obtained results are described in x 3.
MODEL RESULTS
Figures 2-4 show the density stratifications at two different integration times obtained from models M1, M2, and M3 with the constant-density cloud and the stratified cloud environments. The results shown correspond to times when the jet is just emerging from the dense cloud (bottom panels) and when the head of the jet has reached a distance of $1:8 ; 10 18 cm from the source (top panels).
All of the models have a leading bow shock with wings extending all the way to z ¼ 0 (where z is the distance measured along the axis of the outflow). In all cases, there is a dense shell of material right behind the bow-shock wings, so that cavities with dense ''walls'' are obtained.
For all of the models ( Figs. 2-4) , the cavities obtained with the stratified cloud environment are narrower than the cavities obtained for the constant-density cloud case. In model M2 (precessing jet), the simulation with the stratified cloud environment has a narrow ''waist'' around the injection point, while the constant-density cloud model shows bow-shock wings that open out all the way from the head of the jet to z ¼ 0. On the other hand, model M1 (straight jet) produces cavities with a narrow waist for both the stratified and constantdensity cloud environments. Model M3 (latitude-dependent wind ) only starts to develop a waist in the more time-advanced frame shown in Figure 4 (corresponding to t ¼ 2800 yr). In addition, somewhat surprisingly, the straight jet simulations (model M1) show wider cavities than the precessing jet simulations (model M2).
CONCLUSIONS
The Spitzer observations of HH 46/47 show that the southwest lobe of this outflow has a well-defined , limbbrightened cavity, which joins the source to the (optically visible) condensation 47C. This cavity has its maximum width at %0.43 of the length of the lobe and a length-to-width ratio of %3.6. Correcting for the 35 orientation angle between HH 46/47 and the plane of the sky, we then obtain an intrinsic length-to-width ratio L=D % 4:5. The observed cavity is clearly narrower at the position of the source than farther out along the southwest lobe of the outflow.
Model M1 (straight jet) produces a cavity with L=D % (2:6; 3:0), model M2 (precessing jet) a cavity with L=D % (3:1; 4:6), and model M3 (latitude-dependent wind) one with L=D % (1:9; 2:7) at the time at which the head of the jet emerges from the dense cloud (bottom panels of Figs. 2-4) . In the pairs of numbers within parentheses given here, the first number corresponds to the simulations with a constant-density cloud, and the second to the simulations with a stratified cloud. At the more evolved time frames shown in Figures 2-4,   Fig. 2. -Density stratifications obtained for model M1 (straight jet; see xx 2 and 3) displayed with a logarithmic gray scale (given in g cm À3 by the bar on the top left). The distances along (abscissa) and perpendicular (ordinate) to the outflow axis are labeled in units of 10 17 cm. The right panels show two time frames (labeled with the integration time, given in years) for the constant-density cloud environment (in which the cloud occupies the left half of the displayed domain and has a plane interface with the diffuse medium on the right half ). The left panels show two time frames for the stratified cloud environment in which the cloud has a spherically symmetric density stratification (see eq.
[1] of x 2). Fig. 2 , but for model M2 (precessing jet). In this case, the density stratifications shown correspond to the x-z plane, which includes the axis around which the jet is precessing. The right panels correspond to the constant density cloud environment, and the left panels to the stratified cloud environment.
Fig. 3.-Same as
the length-to-width ratios are L=D % (3:5; 3:8), (4.1, 5.6), and (2.7, 2.8) for models M1, M2, and M3, respectively (here again the first numbers refer to the constant-density cloud models, and the latter ones to the models with a stratified cloud). Therefore, the model at the time when the jet emerges from the cloud with the length-to-width ratio closest to the value observed for the cavity of the southwest lobe of HH 46/47 is the one with a precessing jet (model M3) moving within a stratified cloud.
As we have said in x 2, it is unclear whether or not knot 47C lies close to the point at which the jet emerges from the dense cloud. If HH 47C were located substantially beyond this point, a comparison of the southwest lobe of HH 46/47 with the more evolved flows in the right panels of Figures 2-4 might actually be more appropriate.
Let us now answer the four questions that were posed in x 1:
With a standard jet (i.e., perfectly collimated, nonprecessing) model, one actually does obtain cavities that resemble the Spitzer observations of the southwest lobe of HH 46/47 (see Figs. 1-2) .
With the precessing jet model, we actually obtain a cavity that resembles the observations more closely, but it is hard to say whether or not the improvement over the standard jet model is significant.
With the latitude-dependent wind model, we produce cavities that are significantly wider than the one of the southwest lobe of HH 46/47. With other choices of parameters for the latitude-dependent wind (for example, for a wind with the same value of 0 ¼ 2 but with a mass-loss rate of 10 À7 M yr À1 ), we are able to obtain cavities with length-to-width ratios closer to the observed value. Given the fact that the jet models appear to work so well, we conclude that the observed cavity shape cannot be considered as evidence for the presence of a latitudedependent wind rather than an outflow in the form of a perfectly collimated jet.
For the three outflow configurations that we have considered, it is clear that introducing a stratified cloud environment produces a narrower waist for the cavity, in better agreement with the observations. Given the limited parameter study presented here, it is clear that it will be possible to obtain better models for the IR cavity of the southwest lobe of HH 46/47. In addition, it will be necessary to include the details of the production of the observed IR emission. In order to do this, one will have to wait for new, spectroscopic observations with Spitzer, which will indicate which are the relevant processes for modeling the emission.
We should finally point out that many of the features seen in the simulations presented here have been previously noted by other authors. For example, the ''necks'' of the cavities produced by jets moving in a stratified environment were modeled by Cabrit et al. (1997) . Another feature not described above are the axial ''stagnation knots'' obtained in the precessing jet simulations (see the right panels of Fig. 3 ) and which have been modeled by Lim (2001) and Steffen et al. (2001) . Models of outflows originating from latitudedependent winds have been presented by Lery et al. (2002) . However, given the fact that the present paper is focused only on the production of cavities and not on the details of the dynamics of the resulting flows, it is not possible for us to describe the previous theoretical work with any kind of justice.
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